Promyelocytic leukemia nuclear bodies (PML-NB) are subnuclear organelles that are the hub of numerous proteins. DNA/ RNA viruses often hijack the cellular factors resident in PML-NBs to promote their proliferation in host cells. Hepatitis B virus (HBV), belonging to Hepadnaviridae family, remains undetected in early infection as it does not induce the innate immune response and is known to be the cause of several hepatic diseases leading to cirrhosis and hepatocellular carcinoma. The association of PML-NB proteins and HBV is being addressed in a number of recent studies. Here, we report that the PML-NB protein Speckled 110 kDa (Sp110) is SUMO1-modified and undergoes a deSUMOylation-driven release from the PML-NB in the presence of HBV. Intriguingly, Sp110 knockdown significantly reduced viral DNA load in the culture supernatant by activation of the type I interferon-response pathway. Furthermore, we found that Sp110 differentially regulates several direct target genes of hepatitis B virus protein X (HBx), a viral co-factor. Subsequently, we identified Sp110 as a novel interactor of HBx and found this association to be essential for the exit of
Hepatitis B virus (HBV), 2 which belongs to the Hepadnaviridae family, is an enveloped virus having a partially double-stranded DNA genome and is the leading cause of liver disease, ranging from acute and chronic hepatitis to liver cirrhosis and hepatocellular carcinoma (HCC) (1) . The HBV genome has four overlapping open reading frames (ORFs) that encode for different proteins as follows: the polymerase; the core antigen (HBcAg); the surface antigen (HBsAg); and the X protein (HBx) (2) . Among these, HBx is a multifunctional viral cofactor that has a significant role in viral pathogenesis and carcinogenesis (3, 4) . The viruses often manipulate the host-signaling pathways so that it can replicate and propagate its genetic material and suppress the cellular defense mechanisms, such as the activation of the immune response or apoptosis induction (5) . HBx promotes transcription of the HBV genome, maintained as an extrachromosomal entity (6) , by hijacking the cellular Cul4 -DDB1 complex to target the Smc5/6 for degradation (7) .
Promyelocytic leukemia (PML) bodies are nuclear sub-structures, which are constituted of ϳ80 proteins including PML, Speckled 100-kDa protein (Sp100), transcription factor p53, the histone acetylase and co-activator CBP, the tumor suppressor Rb, the Bloom syndrome helicase BLM, heterochromatin protein 1 (HP1), etc. As these proteins play a significant role in many crucial cellular pathways, PML-NBs are often targeted by the viral proteins (5) .
The Speckled family of transcription factors (Sp100, Sp140, and Sp110) is an important class of PML-body residents, which have several isoforms and are critically involved in gene regulation and anti-viral response (8, 9) . Sp110 (Speckled, 110 kDa) has mainly four transcript variants, of which isoform-c is the full-length protein. Sp110b, the truncated isoform (amino acid sequence 1-549, which is up to the SAND domain), is expressed ubiquitously in human tissues and represses retinoic acid receptor ␣ (RAR␣) activity in the nucleus (9, 10) . In contrast, Sp110c, detected specifically in human peripheral blood leukocytes and spleen, is known to activate RAR␣-mediated transcription (9, 10) . Sp110 is reported to be associated with the hepatic veno-occlusive disease with immunodeficiency (VODI) (11) , acute promyelocytic leukemia (8) , and tuberculosis (12) (13) (14) (15) (16) . A study showed that Sp110b interacts with hepatitis C virus core protein and gets relocalized from the nucleus to the cytosol (mainly near the endoplasmic reticulum membranes). This sequestration of Sp110b from the nucleus by the core activates retinoic acid receptor-mediated transcription, thereby causing sensitization to all-trans-retinoic acidmediated cell death (10) . Another group showed that Sp110b plays an important role in Epstein-Barr virus (EBV) gene expression and virion production by interacting with the EBV nuclear protein SM and promoting gene transcription and enhancing mRNA stability. Depletion in the Sp110b level diminishes the ability of SM to enhance EBV lytic mRNA expression (9) . A recent bioinformatics study proposed that RSF1 (remodeling and spacing factor 1) and ATF7IP (activating transcription factor 7 interacting protein), which are reported to be involved in transcriptional regulation and function as a chromatin remodelers in association with viral proteins like hepatitis B virus X protein (HBx) and Epstein-Barr virus BRLF1/Rta protein, are two potential interactors of Sp110 (17, 18) .
In this study, we show that Sp110 remains in SUMO-1-modified form and undergoes a deSUMOylation-driven exit from the nuclear bodies in the presence of HBV or more specifically the HBV-encoded co-factor HBx. Sp110 was found to deregulate the expression of a large number of host genes, and interestingly, a significant number of them were direct targets of HBx, which were mostly implicated in the transcription, replication, repair, and immune-response pathways. Furthermore, we identified Sp110 as a novel interactor of the viral co-factor HBx, which hijacks the host protein and exploits its chromatinbinding property to get recruited to the co-regulated genes. HBx, in turn, modulates the recruitment of its associated transcription co-factors p300/HDAC1 to those genes, thereby altering the host gene expression program in favor of viral persistence. Altogether, our study shows that the host protein Sp110 is one of the prime factors that is exploited by HBV and is crucial for the pathogenesis as its knockdown led to a dramatic viral elimination and therefore is a potential therapeutic target.
Results

Host factor Sp110 shows hyper-expression on HBV infection
Nuclear body protein Sp110 is implicated in transcription regulation and several human diseases. We observed an augmentation of Sp110 expression with ELISA in the serum of chronically infected HBV patient samples when compared with the normal uninfected samples (n ϭ 15) ( Fig. 1A ). This result was consistent with immunohistochemistry staining of normal, non-alcoholic steatohepatitis (NASH) and chronic hepatitis B-infected (CHB) liver tissues (n ϭ 10) with the anti-Sp110 antibody ( Fig. 1B) , where the positively stained area in CHB is ϳ6-fold higher than normal tissues. To understand the role of Sp110 during HBV infection, we have used the following two models: 1.3-mer HBV plasmid (subgenotype D3) transfection in HepG2 cells where the HBV genome is present extra-chromosomally; and HepG2.2.15, a stable HBV (subgenotype D3)producing cell line that is used in several premier studies (19 -21) . The efficacy of the 1.3-mer HBV plasmid transfection was confirmed by Southern blot analysis (Fig. 1C ) as per standard protocol (22) as well as nested PCR (amplifying the surface antigen region of the HBV genome) with the DNA extracted from the culture supernatant (supplemental Fig. S1 ). We found that Sp110 mRNA and protein expression increased upon 1.3-mer HBV transfection ( Fig. 1 , D and E), similar to the data from the patient samples. HepG2.2.15 also showed a significant increase in the expression of Sp110 when compared with its parental cell line HepG2 (Fig. 1, G and H) . Thus, Sp110 has an increased expression independent of whether the HBV genome is present extra-chromosomally or in integrated form.
HBV leads to an alteration in the SUMOylation status of Sp110 and causes its cellular re-localization
In HepG2 cells, Sp110 was found to reside inside the PMLnuclear bodies and co-localized with Sp100 and PML, markers of the nuclear bodies ( Fig. 2A ). When Sp100 (which is essential for PML-NB formation) is silenced, Sp110 was observed to have lost its usual punctate distribution and was distributed throughout the nucleus (supplemental Fig. S2 ). Interestingly, in HepG2.2.15 cells, Sp110 was found to have a distribution similar to supplemental Fig. S2 , although the distribution of Sp100 was unaltered ( Fig. 2B , panel I). Staining with PML further confirmed the integrity of the nuclear body HepG2.2.15 ( Fig. 2B , panel II). Therefore, unlike many other virus infections, HBV infection did not cause PML-NB disruption (as also shown in a recent study (23)); however, Sp110 was found to be released from the PML body.
Small ubiquitin-like modifier 1 (SUMO1) plays a critical role in PML-NB formation, and SUMOylation is known to target many proteins to different nuclear sub-compartments. Many PML body proteins, including other Sp100 family proteins Sp100, Sp140, have been reported to get SUMO1-conjugated (8, 24) . Because, the SUMOylation site of Sp100 and Sp140 lies in their N-terminal region, which has almost 49% homology to that of Sp110 ( Fig. 2C ) (8) , we speculated that Sp110 could get SUMOylated. We performed co-immunoprecipitation, and it was found that Sp110 gets extensively SUMOylated in HepG2 cells ( Fig. 2D , panel I), but there is no association between SUMO1 and Sp110 in HepG2.2.15 cells ( Fig. 2D , panel II). Similar observations were seen by confocal imaging of Sp110 and SUMO1 in HepG2 and HepG2.2.15 cells ( Fig. 2E) , where there is a noteworthy decrease of SUMO1 levels in the latter. Furthermore, we transfected broad-range SUMO-specific proteases for SUMO1/2/3, SENP1, and SENP2 in HepG2 cells, as the other SENP family proteins have a higher preference for SUMO2/3 (25) . Overexpression of the deSUMOylases resulted in diffused distribution of Sp110 along with a reduction in PML body staining of SUMO1, as compared with untransfected cells, which have higher SUMOylation levels ( Fig. 2F ). However, the integrity of the PML body was not lost because no significant alteration of PML body puncta was observed on SENP1 or SENP2 overexpression (supplemental Fig. S3 ). Thus, it can be concluded that in HepG2 cells, Sp110 is present in PML bodies in a SUMOylated form. HBV leads to deSUMOylation of Sp110 and its consequent exit from the PML body.
Sp110 favors viral proliferation by regulating the type I IFN-response pathway genes
The increased expression of Sp110 and its differential distribution upon HBV infection indicated that it might be playing Sp110 in association with HBx contributes to HBV persistence some crucial function. To understand whether Sp110 has a direct role to play in the infection, we silenced Sp110 in HepG2.2.15 cells and scored the viral DNA load. Sp100, another PML-NB body, has been used as a control. The efficacy of Sp110 and Sp100 knockdown was confirmed by Western blotting (Fig. 3A ). We observed that Sp110 silencing led to a dramatic reduction of viral DNA load although no significant change was observed upon Sp100 knockdown ( Fig. 3B and supplemental Fig. S4A ). A diminution of the viral DNA was also detected by Southern blot analysis ( Fig. 3C ) as well as nested PCR from the culture supernatant (supplemental Fig. S1 ). The decrease was also evident in viral protein HBsAg levels (supplemental Fig. S4B ). Previous studies have shown that HBV inhibits apoptosis to release infectious progeny, and HBV proteins play a major role in it by blocking the caspase-independent apoptosis pathway (26, 27) . Because viral elimination was observed upon Sp110 knockdown, we were interested in looking into its effect on the apoptosis repression. The flow cyto-metric data upon Sp110 silencing showed a substantial increase in the sub G 0 cell population ( Fig. 3D and supplemental Fig. S5 ) indicating cell death. Observations with the APOSTRAND TM kit, which detects the apoptotic DNA levels, in a sample confirmed that Sp110 knockdown indeed makes the cell more apoptosis-prone ( Fig. 3E ), suggesting an anti-apoptotic role of Sp110 during HBV infection. This corroborates a decrease in cell viability ( Fig. 3F ) and mRNA expression of proliferation marker genes (Ki-67, MCM2, PCNA, and BCL2) ( Fig. 3G ).
Microarray analysis was done for Sp110 silenced compared with negative control silenced Hep2.2.15 cells to understand its role in HBV infection. The heat map with an absolute foldchange cutoff of 1.5 is shown in Fig. 4A . About 890 genes belonging to different cellular processes were found to be differentially regulated (absolute fold-change Ն 1.5 and p Յ 0.05) (supplemental Table S3 ), which were grouped through the Significant Biology Network (Fig. 4B ). By further analyzing the total differentially expressed gene set at a higher stringency 
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(absolute fold-change Ն 2.0; p Յ 0.05; minimum required interaction score 0.7, high confidence) by STRING database (28), we obtained a network hub consisting of IFN regulatory factor 9 (IRF-9), signal transducers, and transactivator 1 (STAT1), 2Ј-5Ј-oligoadenylate synthetase 1 (OAS1), OAS3, IFN-induced proteins with tetratricopeptide repeats 1 (IFIT1), IFIT3, interferon-␣-inducible protein 27 (IFI27), IFI6, myxovirus resistance 1 (Mx1), etc., which are classical components of the type I interferon-response pathway ( Fig. 4C and supplemental Table  S4 ). The up-regulation of all these genes upon Sp110 silencing was validated by qRT-PCR ( Fig. 4D ). On a closer look, these genes were found to be either a component of or the target of transcription factor ISGF3 (a hetero-trimeric complex of STAT1, IRF9, and STAT2, which plays a crucial role in the IFN-I-response pathway). The increased expression of the ISGF3 factors was detected by Western blotting (Fig. 4E ), which probably explains the up-regulation of its downstream targets.
Previous studies reported that trichostatin A (TSA) inhibits the type I interferon pathway by blocking the formation of the ISGF3 factor thus affecting the activation of the downstream interferon-stimulating genes (ISGs) (29, 30) . We found that concomitant TSA treatment along with Sp110 knockdown in HepG2.2.15 cells did not show the viral abolition by qRT-PCR ( Fig. 4F ) and Southern blotting ( Fig. 4G ), thereby confirming that the type I interferon-response pathway activation plays a crucial role in observed viral elimination. Because TSA blocks the ISGF3 formation and the network hub obtained consisted of ISGF3 components and its downstream targets, we were interested in looking into their regulation by Sp110. In this context, we were interested to identify the role of full-length Sp110c isoform, for which the subsequent experiments were performed by overexpressing FLAG-Sp110c. The chromatin association of FLAG-Sp110c was confirmed by chromatin fractionation assay (supplemental Fig. S6 ). We observed that the (8) . D, co-immunoprecipitation with ␣-SUMO1 antibody, followed by immunoblotting with the ␣-Sp110 antibody. Sp110 was found to be modified by SUMO1 in HepG2 (panel I) in contrast to HepG2.2.15 (panel II). E, immunofluorescence staining of Sp110 (Alexa 488) and SUMO1 (Alexa 594) shows that the SUMO1 is significantly present in the PML bodies in HepG2 but not in HepG2.2.15 cells. F, immunofluorescence staining of Sp110 (Alexa 488), FLAG (Alexa 594) and SUMO1 (Alexa 594). Overexpression of SUMO-specific proteases FLAG-SENP1 and FLAG-SENP2 in the cells (indicated by arrow) results in the decrease of SUMO1 levels in the cells and a loss of the punctate pattern distribution of Sp110, indicating that Sp110 release from the PML body is triggered by its deSUMOylation (supplemental Fig. S3 ; which shows that deSUMOylase overexpression does not change the PML body integrity). The scale bar, 10 m. The experiments were repeated at least three times independently.
mRNA level of the genes showed a significant decrease upon Sp110c overexpression (Fig. 4H ), and ChIP assays confirmed that there is a direct recruitment of Sp110c to the promoters of IRF9, STAT1, and STAT2 ( Fig. 4I ) in HepG2.2.15 cells. Furthermore, luciferase assay with 1.3 kb from the STAT1 promoter region cloned in the pGL3-basic vector showed significant repression on the presence of Sp110 (Fig. 4J ). Thus, our results show that host factor Sp110 regulates the type I interferonresponse pathway, which has direct implication in viral elimination.
Sp110 affects the recruitment of viral protein HBx to the promoters
HBx is a crucial factor that is responsible for viral pathogenesis (31) . It is known to utilize the host cellular machinery for reprogramming the host gene expression network, leading to tumorigenicity (32) . Comparison of Sp110 silenced microarray data (supplemental Table S3 ) with the integrated ChIP-chip, and microarray data of HBx (33) revealed that a significant number of genes, which are direct targets of HBx, were differentially regulated by Sp110 (supplemental Table S5 ). Most of these genes were found belonging to the following pathways: immune response, signaling, metabolism, transcription, replication, and DNA repair ( Fig. 5A and supplemental Table S6 ). The network of the mentioned pathways has been shown in Fig.  5B . Apart from these, many microRNA targets were obtained from the comparative analysis (data not shown). Few candidate genes of the selected pathways were subsequently validated ( Fig.  5C ). Because Sp110 silencing differentially regulated a substantial number of target genes of HBx but did not significantly alter the expression of the latter ( Fig. 5D and supplemental Fig. S7A ), we hypothesized that it is probably the HBx recruitment to these 
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genes that is being affected by Sp110. We indeed found a noteworthy decrease in HBx recruitment in candidate genes MYCN, TAF5, PERP, and BCL2L12 upon Sp110 silencing ( Fig. 5E ), whereas ACTB, used as a negative control, did not show any change in the recruitment on Sp110 knockdown. Previous reports have shown that HBx associates with transcriptional co-activator (p300)/co-repressor (HDAC1) and alters the epigenetic landscape near its target genes thereby affecting the host gene expression (34, 35) . We found that reduced recruitment of HBx in the absence of Sp110 also altered the enrichment of its p300/HDAC1 at the targets (although their expression remains unaltered, supplemental Fig. S7B ). A reciprocal recruitment of p300 and HDAC1 was observed at the similar sites ( Fig. 5, F and G) , which resulted 
in their differential transcription. The promoters of down-regulated genes, MYCN, TAF5, and BCL2L12, were found to have a higher occupancy of HDAC1 and a lower occupancy of p300 while the promoter of up-regulated gene PERP had a higher p300 recruitment and lower HDAC1 recruitment. Interestingly, some of the interferon type I pathway candidates (STAT1, IFI27, IFIT1, IFIT2, OAS1, and MX1) were also prominent hits in the HBx-Sp110 co-regulated network, and we observed a similar mode of recruitment of HBx at the STAT1 promoter, which was previously found to be a direct Sp110 target (Fig. 5H ). Thus, Sp110 directly or indirectly helps in HBx recruitment leading to alteration in the epigenomic landscape, which favors viral persistence. Figure 5 . Substantial overlap between Sp110-deregulated genes and direct targets of HBx is implicated in immune response, transcription, replication, and repair. Sp110 can influence transcription of these genes by altering HBx recruitment, thereby modifying p300/HDAC1 distribution. A, Sp110-HBx co-regulated genes grouped into different biological processes that are significantly altered. Signal intensity cutoff Ͼ1.5 for HBx recruitment on the genes from ChIP-on-chip data analysis and an absolute fold-change Ͼ1.2 for HBx and Sp110 microarray. B, network analysis of Sp110 deregulated HBx direct target genes in pathways associated with viral infection. C, differential expression of co-regulated gene candidates from replication, transcription regulation, and apoptotic pathway upon Sp110 knockdown were validated by qRT-PCR. D, immunoblots showing alteration in expression of HBx target genes N-myc, TAF5, and PERP, whereas the expression of HBx remains almost unaltered upon Sp110 knockdown host factors. E, ChIP assay showed significantly decreased recruitment of HBx from its target gene promoters upon Sp110 silencing in HepG2.2.15 cells. MYCN, TAF5, BCL2L12, and PERP are HBx regulated genes, and ACTB is the negative control. F and G, fold-change in the enrichment of p300 (F) and HDAC1 (G) on promoters of HBx-regulated genes in HepG2.2.15 Sp110 silenced over control silenced cells. Lack of HBx from the target sites therefore affects the recruitment of the transcriptional co-activators/co-repressors known to be associated with it, thereby altering the expression of the target genes. Up-regulated genes like PERP have increased enrichment of p300 and decreased recruitment of HDAC1 in their promoter on Sp110 silencing, and the reverse is true for down-regulated genes like MYCN, TAF5, and BCL2L12. ACTB is the negative control, which remains unaltered upon Sp110 knockdown. H, type I interferon-response gene STAT1 is co-regulated by Sp110 and HBx by a similar mechanism. All the data are represented as mean Ϯ S.D. from at least three independent experiments. Statistical significance has been represented as follows: **, p Ͻ 0.01; *, p Ͻ 0.05.
Sp110 in association with HBx contributes to HBV persistence Viral co-factor HBx interacts with host factor Sp110 and drives it out of the PML-NB
Because we found that recruitment of HBx on the target promoters is dependent on Sp110, we hypothesized that both the proteins were a part of the same transcriptional complex. From immunofluorescence staining of 1.3-mer HBV plasmid-transfected HepG2 cells, we observed that PML does not co-localize with HBx ( Fig. 6A, panel I) but Sp110 (Alexa 594) distribution changes from its usual PML-NB niche and co-localizes with HBx ( Fig. 6A, panel II) . On the contrary, upon transfection of 1.3-mer HBV X-null plasmid, Sp110 remains in its usual PML-NB distribution (Fig. 6A, panel III) , suggesting that HBx is responsible for relocalization of Sp110. HBV core protein staining (Alexa 488) (supplemental Fig. S8 ) indicated a comparable transfection efficiency for 1.3-mer HBV and 1.3-mer X-null HBV plasmids. We had a similar observation by overexpressing HBx, where Sp110 was released from the PML-NBs to co-localize with HBx (Pearson's coefficient 0.86 Ϯ 0.091) (supplemental Fig. S9 ). Subsequently, co-immunoprecipitation (co-IP) in HBx-overexpressed cells (Fig. 6B) as well as 1.3-mer HBVtransfected cells (supplemental Fig. S10 ) confirmed that HBx had a significant association with Sp110. Further investigation showed that SENP1 (but not SENP2) possibly is a part of the Sp110-HBx co-complex (supplemental Fig. S9 ), indicating the deSUMOylation-driven exit of Sp110 and its interaction with HBx are probably a concerted process.
Immunofluorescence studies of HepG2 cells co-transfected with HBx-GFP and FLAG-Sp110c (full) and FLAG-Sp110-SPB 
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or FLAG-Sp110-N-term ( Fig. 6D) showed that HBx had a better co-localization with the full-length (Pearson's coefficient 0.60 Ϯ 0.054) and SPB module (the chromatin-binding region harboring the SAND, PHD, and Bromodomain) of the protein (Pearson's coefficient 0.71 Ϯ 0.082), when compared with the N terminus (Pearson's coefficient 0.38 Ϯ 0.081). Interestingly, it was observed that overexpression of the full-length and SPB module resulted in a dramatic increase in viral DNA load in the culture supernatant, whereas the N-terminal construct showed only a partial increase (Fig. 6E) . These results show that the chromatin-binding module of Sp110 is more actively involved in its association with HBx as well as in its contribution to viral persistence, which corroborates with our previous results where the host protein was found to influence the recruitment of HBx. Therefore, it can be interpreted that HBx, which does not harbor any DNA-binding module (33) , probably exploits the chromatin-binding property of Sp110 (supplemental Fig.  S2 ) to be recruited to its target site and maintain sustained viral proliferation in host cells.
Discussion
Several DNA and RNA viruses have been reported to exploit resident factors of PML bodies, which occur by mainly two distinct mechanisms: (i) some of the viral proteins associate with PML body proteins leading to disruption of the sub-nuclear compartment, and (ii) the viral genome of few DNA viruses can associate with the PML nuclear body, which might contribute toward viral proliferation (5) . Hepatitis B virus, a Hepadnaviridae family virus, is the cause of many chronic hepatic diseases leading to cirrhosis and hepatocellular carcinoma, but the association of HBV and the PML-NBs are not much explored. PML body resident protein p11, an S100 family member, has been reported to associate with HBV polymerase inside the PML body favoring viral replication (36) , whereas knockdown of the PML gene leads to increased viral replication thereby causing HBV-induced HCC (37, 38) . A recent study showed that smc5/6 restricts viral transcription when localized in the PML body (23) .We found that transcription factor Sp110, a nuclear body resident protein, shows a selective exit from the PML body upon infection and is hijacked by HBx to promote viral proliferation. This indicates that the residents of PML-NBs have distinct roles in HBV infection.
Previous studies have shown that SUMO1 is a crucial regulator of various signaling pathways and is also involved in the formation of the PML body and the dynamic organization of the protein complexes in there (39) . PML-NB proteins remain sequestered and are released following a cue from its environment, like STAT3, which remains sequestered in the PML body and is released upon IL-6 treatment, due to SENP1-mediated deSUMOylation of the PML (40) . SENP1 was also found to cause dissociation of homeodomain-interacting protein kinase 2 (HIPK2) from the PML body (41) . Furthermore, in rheumatoid arthritis synovial fibroblasts, hyper-expression of SUMO1 is observed, which causes increased SUMOylation and recruitment of transcriptional repressor DAXX to the PML body, resulting in Fas-induced apoptosis resistance of the cells. Overexpression of deSUMOylase SENP1 has been shown to revert the effect of SUMO1 by releasing DAXX from the nuclear body to carry out its proapoptotic functions (42) . These reports highlight the importance of the SUMOylation and deSUMOylation switch in the proper functioning of the cell. Sp110, being a PML-NB resident and an Sp100 family protein, can be predicted to be associated with SUMO1. Here, we show that indeed Sp110, like other PML body proteins, remains SUMO1modified inside the PML-NBs, and its deconjugation from SUMO causes Sp110 to exit the nuclear subcompartment. Such a deSUMOylation triggered re-localization of Sp110 that was observed during HBV infection. Interestingly, this re-localization could be observed only in the presence of HBx, which was found to interact with Sp110. Moreover, HBx on overexpression co-localized specifically with deSUMOylase SENP1 and not SENP2, indicating that Sp110, HBx, and SENP1 are possibly part of the same complex, thereby suggesting that association of Sp110 with HBx and its deSUMOylation to be concerted steps.
HBx, a multifunctional co-factor of HBV, interacts with several host factors promoting HBV replication. For example, it hijacks the cellular Cul4 -DDB1 complex to target the intrinsic antiviral restriction factor Smc5/6 for degradation (7, 23) . It is also reported to interact with the cellular oncoprotein RMP (RNA polymerase II subunit 5-mediating protein) to inhibit the expression of apoptotic factors and promote proliferation, thereby leading to hepatocarcinogenesis (43) , whereas its interaction with protein kinase BubR1 and HBx causes dysregulation of the mitotic checkpoint resulting in chromosomal instability, frequently observed in HBV-induced HCC (44) . While being a dynamic co-factor, HBx lacks a DNA-binding domain of its own and is often reported to be recruited to gene promoters via host transcription factors like p53, YY1, E2F1, etc. (33, 45) . In this study, we identified Sp110 as a novel interactor of HBx. The viral protein was found to hijack and exploit the chromatin-binding property of Sp110 to be recruited to several of its host target genes. HBx, in turn, can recruit its associated transcription co-activator-co-repressor complexes to the loci thereby leading to host gene expression reprogramming in favor of viral proliferation.
Previous reports show that HBV acts as a stealth virus in early infection as it does not induce the innate immune response, the first line of defense against viral infection, and thus remains undetected (46, 47) . A recent study further confirmed that HBV does not invoke the interferon signaling in primary human hepatocytes (23) . Interferon-␣ is a well-approved treatment for HBV infection, but still, it rarely cures the disease, primarily because HBV interferes with the IFN signaling. Although the mechanism is not well explored, HBV polymerase protein has been reported to inhibit the IFN␣-signaling pathway leading to persistence of HBV (48) . In this study, we observed that Sp110 silencing in HBV-producing cells resulted in viral abolition accompanied by increased apoptosis and decreased cell viability. On transcriptional analysis, we found a broad range of host gene expression alterations, including core transcription machinery, metabolism, and cell-signaling pathway, but the maximum differential expression was observed for the type I IFN-response pathway genes, which were highly up-regulated. Moreover, because the expected viral elimination was not witnessed upon concomitant treatment of trichostatin A (previously reported to inhibit ISGF3 formation) (29), the type I IFN-
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response pathway can be interpreted to have a crucial role in it. The other altered signaling and metabolic and pathway genes may also have a direct or indirect effect on the viral gene expression and need further study. Furthermore, we confirmed that Sp110 regulates the interferon I-response pathway, and the components of the ISGF3 factor, STAT1, IRF9, and STAT2, are direct targets of Sp110. Because we found that knocking down the host factor leads to activation of ISGs, we propose that Sp110 could be a potential target for the antiviral therapy, which could bypass the shortcomings of interferon-␣ treatment.
We subsequently performed a systematic classification of genes and found that Sp110 silencing can differentially regulate a large class of genes that are HBx targets and could be subgrouped in three broad categories: transcription, replication, and repair factors; signaling pathway proteins; and factors that modulate host immune response. As Sp110 and HBx can have both transcription activation and repression function (8, 10, 32) , some co-regulated direct target genes showed up-regulation in the absence of Sp110, whereas the others underwent down-regulation. We observed that the transcription of a large number of factors promoting (i) replication like POLE, POLD1, POLD2 (subunits of DNA polymerase), and RPA1 (replication protein 1A); (ii) transcription like POLR2I and POLR2J (subunits of RNA polymerase), GTF2F2 (general transcription factor IIF subunit 2), TAF5, and MYCN; and (iii) post-transcriptional processing like DICER are significantly down-regulated upon Sp110 silencing. The expression of some of these important factors have been validated by qRT-PCR. We subsequently observed a significant reduction in HBx recruitment into some of these candidate genes upon Sp110 silencing, which suggests us that Sp110 and HBx might be having an activation function on these genes to promote proliferation, thereby inducing carcinogenesis.
In contrast, most of the type I interferon-response genes, which were up-regulated upon Sp110 silencing, were also found to be direct targets of HBx. We propose that Sp110 is involved in maintaining the repressed state of these genes by helping in the recruitment of HBx, which subsequently brings HDAC1. Sp110 and HBx directly regulate ISGF3 factor component STAT1 and downstream ISGF3-responsive genes like IFI27, IFIT1, OAS1, and MX1. ISGF3 is a vital transcription factor in the JAK-STAT pathway, which activates the transcription of downstream ISGs by binding to the interferon-stimulated response element (ISRE) in their promoters (50) . Moreover, ISGF3 was also found to interact with an ISRE-like sequence in the enhancer element EnI of the HBV genome to mediate its suppression and modulate HBV replication (51) . The higher expression of ISGF3 components due to Sp110 knockdown causes induction of the downstream ISGs, which accomplish their anti-viral activity through different pathways. For example, OAS1 synthesizes 2Ј,5-oligoadenylates, which activate latent RNase L and thus causes viral RNA degradation and inhibition of viral replication (52) . MxA (human homolog of mouse Mx1), an interferon-induced dynamin-like GTPase, interacts with HBcAg, which causes the immobilization of the latter in the perinuclear structures and subsequently prevents the nucleocapsid formation (53, 54) . In contrast, IFIT1, strongly induced by type I IFN, suppresses cellular translation by binding to the translation initiator eIF3 subunits (55, 56) and was shown to block viral replication by the sequestration of pppRNA (5Ј-triphosphate RNA) (57) . Furthermore, it was found that siRNA-mediated silencing of IFIT1 caused a dramatic amplification of viral replication and the reciprocal situation upon IFIT1 overexpression (58) , which supports our data as Sp110 silencing up-regulates IFIT1. Therefore, it can be envisaged how the differential expressions of the important host factors due to reduced recruitment of HBx in the absence of Sp110 have significant contributions in viral elimination.
Taken together, our study identified a novel mechanism by which HBV can evade the host immune-response pathway. We show for the first time that host factor Sp110, which is usually a PML-NB resident, is hijacked and exploited by HBx to reprogram the host transcription network favoring viral persistence. Thus, Sp110 plays a crucial role in viral pathogenesis. Although we identified the role of Sp110 in the regulation of HBV infection, it is important to note that this host factor also has HBVindependent cellular functions, as evident from its gene targets, whose underlying mechanisms have yet to be elucidated. Nevertheless, considering a diversity of functions that Sp110 can play during HBV pathogenesis, we speculate that Sp110 can be a next generation therapeutic target.
Experimental procedures
Cell culture conditions, overexpression, and siRNA transfection
HepG2 cells (human hepatoblastoma cell line) were maintained in Dulbecco's modified Eagle's medium (Gibco, Invitrogen) and HepG2.2.15 cells (HBV-expressing stable cell line), which is a kind gift of Dr. Tatsuo Kanda, Japan, were maintained in RPMI 1640 medium (HyClone, GE Healthcare). All cell lines were supplemented with 10% fetal bovine serum (Gibco, Invitrogen) and penicillin/streptomycin (Gibco, Invitrogen) at 37°C in 5% (v/v) CO 2 . Transfection was done with Lipofectamine 2000 (Invitrogen) as per the manufacturer's protocol, whereas INTERFERin transfection reagent (Polyplus) was used according to the manufacturer's protocol for transfecting with Sp110 siRNA Smart Pool (Santa Cruz Biotechnology; catalog no. sc-76542), Sp110siRNA1(GCA-CUUCAGUGACCAAUGAdTdT), Sp110siRNA2(GAUCA-UUGAUGGCACUUCAdTdT), Sp110siRNA3(GGAUGG-AACUUGGUUAACAdTdT), and Sp100siRNA(GUGAGC-CUGUGAUCAAUAAdTdT) or negative control siRNA pool (Invitrogen). TSA treatment was done at 300 ng/ml for 16 h.
Plasmids
Human cDNA clone of SP110, transcript variant c, was purchased from Origene (catalog no. SC124278). Sp110c (full length), Sp110-SPB (C terminus of Sp110 spanning from residues 443-713, harboring the chromatin-binding modules SAND, PHD, and bromodomain), and Sp110 N-terminus (Sp100-domain-containing module; residues from 1 to 450) were subcloned into pdcDNA-FLAG vector using GATEWAY cloning strategy. Plasmids FLAG-SENP1 (catalog no. 17357), FLAG-SENP2 (catalog no. 18047), pGFP-HBX (catalog no. 24931), and HBx-HA (catalog no. 24930) were procured from
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Addgene. The 1.3-mer HBV plasmid and 1.3-mer HBV X-null plasmid as used in previous studies (59, 60) were obtained as kind gifts. Construct for luciferase assay was done by cloning the promoter region of the STAT1 gene harboring an ISRE site (61) along with the Sp110-binding site in the luciferase expression vector pGL3-Basic.
Co-immunofluorescence and confocal microscopy
The cells were fixed with 4% paraformaldehyde (Sigma) in PBS at room temperature and permeabilized with 1% Triton X-100 in PBS followed by blocking with 3% BSA in PBS. Cells were then incubated for 1 h at room temperature with primary antibody and washed three times with PBST (PBS ϩ 0.05% Tween 20) . The coverslips were then incubated with Alexaconjugated secondary antibody (Alexa 488 and 594, Invitrogen) for 1 h in the dark at room temperature, washed with PBST, and mounted with mounting media. The antibodies used are listed in supplemental Table S2 . Finally, the imaging was done with Nikon Ti-E confocal microscope with A1RMP scanner head and Zeiss LSM 510 meta confocal microscope. All images within each sample set were captured using identical confocal settings. The co-localization measurements between the immunolabels were estimated by the Pearson's coefficient, which was obtained by analyzing the images with NIS-Elements AR Analysis 3.13.00.
Immunohistochemistry staining
IHC staining was executed with liver tissues. The slides were first heated at 70°C for 30 min followed by a 5-min wash in xylene, 100, 95, and 80% ethanol, and pure distilled water. Heatinduced antigen retrieval was done in 10 mM sodium citrate (pH 6.0) followed by blocking in universal blocking solution (Thermo Fisher Scientific). The slides were then incubated with anti-Sp110 (Sigma) antibody for 1 h, washed with TBST, and incubated with HRP-tagged secondary antibody. The stain was developed with 3,3Ј-diaminobenzidine (Sigma) and counterstained with hematoxylin. The sections were then mounted with coverslips with DPX (Thermo Fisher Scientific) for microscopic imaging. The quantification of the positively stained area was done with ImageJ software.
Cell lysis and immunoblotting
For Western blotting, cells were harvested and lysed with Laemmli buffer (120 mM Tris-HCl (pH 6.8), 20% glycerol, and 4% SDS). The lysates with equal amounts of protein were then run in SDS-PAGE and transferred to nitrocellulose membrane (Millipore, HATF00010). Following incubation with primary antibody (overnight at 4°C) and HRP-conjugated secondary antibody (3 h at room temperature), the blots were developed using a chemiluminescent substrate (Millipore, WBKLS0500). Densitometry measurements of bands were used for quantification of each marker by integrating each peak in ImageJ software.
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using TRIzol (Himedia). Complementary DNA was synthesized from 2.5 g of total RNA using Revertaid fast strand cDNA synthesis kit (Thermo Fisher Sci-entific) according to the manufacturer's protocol followed by qRT-PCR using 2ϫ power SYBR Green mix (Applied Biosystems). qRT-PCR was performed using 7500 real-time PCR machine (Applied Biosystems). The primers used are listed in supplemental Table S1 . The amount of target mRNA in the sample was calculated by normalizing with respect to the housekeeping genes (18s rRNA or GAPDH). Fold-change of the gene in the experiment was calculated by 2 Ϫ⌬⌬ C T , where
Co-immunoprecipitation (co-IP)
The cells were cross-linked with 1% formaldehyde at room temperature for 10 min, and the reaction was stopped by adding 0.125 M glycine and incubated for 10 min, and then co-IP was performed as described previously (62) . Concisely, after crosslinking, the cells were lysed with 50 mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% sodium deoxycholate, 5% glycerol, 1 mM DTT, 2 mM PMSF, 10 mM N-ethylmaleimide complete protease inhibitor mixture and incubated on ice for 1 h followed by sonication and centrifugation at 16,000 ϫ g for 10 min at 4°C. The lysates, after pre-clearing, were incubated with corresponding antibodies overnight, followed by a 2-h incubation with pre-blocked Dynabeads (Invitrogen). The beads were then washed three times with lysis buffer and boiled with SDS dye, and the eluted complex was subjected to immunoblotting.
Chromatin immunoprecipitation (ChIP)
ChIP assays were performed as described previously (62) . Briefly, cells were cross-linked with 1% formaldehyde at room temperature for 10 min, and the reaction was stopped by adding 0.125 M glycine and incubated for 10 min. Cells were lysed in cell lysis buffer (5 mM PIPES (pH 8.0), 85 mM KCl, 0.5% Nonidet P-40, 1ϫ protease inhibitor cocktail), the isolated nuclei were then resuspended in nuclei lysis buffer (50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 1% SDS, 1ϫ protease inhibitor cocktail). After sonication and pre-clearing, the chromatin was immunoprecipitated with anti-HBX (Abcam), anti-p300 (Abcam), and anti-HDAC1 (Abcam) antibodies overnight at 4°C. DYNAbeads blocked overnight with 0.3 mg/ml salmon sperm DNA were added to the lysate and incubated for 2 h. Beads were washed with RIPA buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40, 1 mM EDTA), high-salt buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40, 1 mM EDTA), LiCl buffer (50 mM Tris-HCl, pH 8.0, 250 mM LiCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 1 mM EDTA), and Tris-EDTA buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA), consecutively. Following RNase A and proteinase K treatment, the beads were kept for de-cross-linking at 65°C. Phenol/chloroform extraction followed ethanol precipitation was performed. The DNA pellet was dissolved in H 2 O and placed for qPCR analysis using gene-specific primers. ChIP with non-specific antibody (IgG) was done to normalize the enrichment of the specific factor on the target site.
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Analysis of HBV viral properties 0.4 ϫ 10 6 cells were seeded in each well of a 6-well dish for the experiments. After the transfection and/or treatments were done, total DNA was extracted from 200 l of culture supernatant using Qiagen blood mini-kit (catalog no. 51104). HBV viral load was subsequently quantified by real-time assay using NIBSC standards as described earlier (63, 64) . HBsAg levels were analyzed by using commercial ELISA kits (Diasorin, catalog no. ETI-AB-AUK-3).
Additionally, the DNA samples were subjected to nested PCR as in previous studies (65) to amplify the hepatitis B surface antigen region using primers HBV1 and HBV2 (for firstround PCR) and HBV3 and HBV4 (for second-round PCR). An equal volume of DNA extract was added to the reaction mixture containing a final concentration of 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM of each dNTPs, 2.5 units of Taq polymerase (Promega, GoTaq), and 0.6 mM of each primer. The cycle conditions were as follows: denaturation at 94°C for 2 min and 30 s, followed by 35 cycles at 94°C for 1 min, 56°C for 1 min, and 72°C for 2 min, with a 10-min extension step at 72°C at the end. For second-round PCR, the annealing temperature was increased to 60°C and the final PCR products were subjected to gel electrophoresis to analyze the extent of HBV infection.
Study subjects
Clinical samples were obtained with patient consent from Indian Council of Medical Research (ICMR) virus unit, ID&BG Hospital Campus, Kolkata, India. The samples were mainly sub-grouped into the following categories: normal (patients without having any HBV, HCV, or HIV background) and patients with high HBV DNA load in serum (Ͼ10 5 copies/ml). The sp110 level was detected for n ϭ 15 samples in each category. CHB samples were obtained from Kalinga Gastroenterology Foundation (Cuttack, India). Samples from patients with steatosis but no history of HCV, HBV, or HIV were also considered as disease control. The informed patient consent form was approved by the institutional ethics committee. The AASLD 2009 guidelines were followed for the diagnosis of patients with CHB. Additionally, we procured commercial tissue microarray (Abcam, catalog no. ab178209), and a total of 10 hepatitis samples were analyzed by IHC.
Southern blotting
DNA was isolated from HBV-infected cells by modified Hirt extraction and subjected to Southern blotting as described previously (22) . Briefly, extracted DNA was electrophoresed in 1.2% agarose gel in 1ϫ TAE buffer at low voltage for 5 h. The gel was then soaked in Depurination buffer (0.2 M HCl) for 10 min, followed by 1-h incubation with slow shaking, first in denaturing buffer (0.5 M NaOH, 1.5 M NaCl) and then in neutralizing buffer (1.5 M NaCl, 1 M Tris-HCl (pH 7.4)). Finally, the gel was submerged in 20ϫ SSC (3 M NaCl, 0.3 M sodium citrate) for 30 min. The DNA was transferred to an Immobilon-NY ϩ membrane (Millipore, INYC00010) through capillary transfer for 72 h. The membrane was then cross-linked by exposure to UV light (254 nM) in a CL-1000 Ultraviolet Stratalinker (UVP) for a total dose of 120 mJ/cm 2 . HBV DNA was then detected by incubating with end-labeled probes as used in previous studies (49) .
ELISA
Standard indirect ELISA protocol was followed. Briefly, serum samples were incubated in the plates at 4°C overnight. The plate was then washed, incubated with blocking buffer (3% BSA in PBST) for 1 h, washed, incubated with the anti-Sp110 antibody (1:200), and washed followed by incubation with secondary antibody. The plate was then thoroughly washed, and TMB reagent was added as substrate and incubated for 15 min, and absorbance was taken at 450 nm.
Luciferase assay
For reporter assay, cells were seeded in 12-well culture plates. After 24 h, pGL3-STAT1 promoter construct or pGL3-basic vector was co-transfected with FLAG-Sp110 or FLAG-Empty vector with Lipofectamine 2000 (Invitrogen). Each transfection was normalized with the pRL-CMV vector. The cells were harvested the next day with passive lysis buffer and firefly/Renilla luciferase activity was determined using the manufacturer's protocol (Dual-Luciferase Reporter Assay System, Promega, catalog no. E1910) Each transfection was performed in triplicate, and the experiments were repeated three times.
Flow cytometry
For cell cycle analysis, cells were harvested, thoroughly resuspended in PBS, and then fixed by adding an equal volume of chilled 100% ethanol (Merck), dropwise, with continuous vortexing. After overnight incubation at Ϫ20°C, the mixture was centrifuged, and the cells were freshly resuspended in PBS. Cells were then incubated with RNase A for 30 min followed 1 h with propidium iodide (Sigma). Flow cytometric data acquisition was performed on BD FACSCalibur platform.
Apoptosis assay
Apoptosis assay was done using ENZO ApoStrand ELISA apoptosis detection kit (BML-AK120) according to the manufacturer's protocol. Briefly, cells were treated with Fixative (BML-KI172) for 30 min and dried by keeping the plate at 56°C for 20 min. Cells were treated with 100% formamide (BML-KI165), kept at room temperature for 10 min, and followed by heat at 56°C to denature DNA in apoptotic cells. The cells were then incubated with Blocking Solution (BML-KI168) for 1 h at 37°C and then with Antibody Mixture (BML-KI166) at room temperature for 30 min. The plate was rinsed three times with Wash Buffer (BML-KI170). Peroxidase substrate (BML-KI169) was added to each well and incubated for 30 min; absorbance at 405 nm was recorded.
Microarray analysis
Raw data from three independent biological experiments were normalized using robust multi-array average (RMA), and baseline transformation was done to the median of the samples by GeneSpring GX 12.5 software (Agilent Technologies Inc, Santa Clara, CA). Differentially expressed probe sets upon Sp110 silencing in HepG2.2.15 cells compared with negative control silenced cells were noted by applying the Volcano Plot Sp110 in association with HBx contributes to HBV persistence using a fold-change threshold of absolute fold-change greater than or equal to 1.5 (or mentioned otherwise) and a statistically significant t test p value threshold adjusted for false discovery rate of less than 0.001. Analytically significant genes with p value adjusted for a false discovery rate of less than 0.05 derived using the hypergeometric distribution test corresponding to differentially expressed genes were decided using a paired t test. STRING network analysis has been used to find the clusters among the differentially expressed genes (absolute fold-change of Ͼ2, minimum required interaction score: high confidence, 0.7). The complete gene list (supplemental Table S3 ) and the enriched processes list (supplemental Table S4 ; list of most affected pathways) upon Sp110 silencing obtained from microarray have been appended in the supplemental material.
The direct targets of HBx, which are co-regulated by Sp110, were identified by comparing Sp110 silenced microarray data (supplemental Table S3 ) with the previously reported integrated ChIP-chip and microarray data of HBx (accession number GSE11108) (33) with the following parameters: signal intensity cutoff Ͼ1.5, for HBx recruitment on the genes from Chip-on-chip data analysis, and an absolute fold-change of Ͼ1.2 for HBx and Sp110 microarray, p Ͻ 0.05.
Statistical analysis
All the experiments were repeated independently at least three times. Statistical analysis was done using GraphPad unpaired two-tailed Student's t test. The statistical significance has been represented as follows: **, p Ͻ 0.01; *, p Ͻ 0.05.
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